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Nataša Lj. Lukić, Svetlana S. Popović and Jelena Dj. Marković
  
 
  Membrane process efficiency in the dairy industry is impaired by the formation of 
deposits during filtration processes. This work describes cleaning procedures for ceramic 
tubular membrane (50 nm) fouled with whey proteins. Also, mathematical modelling was 
performed to obtain models which allow deeper insight into the mechanisms involved 
during cleaning procedures. The caustic solutions (0.2%w/w, 0.4%w/w and 1.0%w/w 
NaOH) and the mixture of two commercial detergents (0.8%w/w P3-ultrasil 69+0.5% 
w/w P3-ultrasil 67 and 1.2% P3-ultrasil 69+0.75 P3-ultrasil 67) were used as chemical 
cleaning agents. The results showed that the best flux recovery was achieved with 
0.4%w/w NaOH solution. After analyzing the experimental data, five parameter and six 
parameter kinetic models were suggested for alkali and detergent cleaning, respectively. 
The changes of total and specific resistances, as well as the change of the effective pore 
diameter and deposit thickness during cleaning are estimated by applying these models. 
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                detergent cleaning 
 
INTRODUCTION 
 
  Membrane separation processes are commonly used in the dairy industry as they 
alone provide possibility for achieving both the fractionation and concentration without 
phase change while preserving physical and chemical characteristics of the main dairy 
components. Recently, the application of ultrafiltration and microfiltration has become 
increasingly widespread for the production of whey protein concentrate, a product with 
high nutritional value. 
  However, membrane application is often restricted by membrane fouling, which ine-
vitably leads to flux decrease throughout the membrane. During ultra and microfiltration 
of whey, fouling is mainly governed by pore plugging and gradual adsorption of whey 
proteins at the membrane surface (1). Consequently, membrane cleaning is an essential 
step in maintaining the permeability and selectivity of membrane processes.  
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  Chemical methods are mainly used and most efficient cleaning agents are: alkali solu-
tions (2-4) and formulated detergents (5, 6). Mathematical models of cleaning give the 
possibility of getting a deeper insight into the present cleaning mechanisms. Some 
authors (2, 7-9) have proposed models which describe mechanisms of membrane clea-
ning by applying certain chemical agents. 
  The main objective of this work was to propose kinetic models for alkali and de-
tergent cleaning of tubular ceramic membrane that was fouled with whey proteins. 
 
EXPERIMENTAL 
 
Experimental apparatus and materials 
 
  The schematic diagram of the experimental apparatus, made of stainless steel, is 
shown in Fig. 1. The feed solution was circulated by a rotary vane pump PO511 (Cmf, 
Italy). During an experimental run, the permeate and the retentate were recycled back to 
the feed reservoir to avoid feed concentrating. Flow rate and transmembrane pressure 
(TMP) across the membrane module were simultaneously adjusted by a bypass valve and 
the main flow valve. The TMP was monitored with manometers and the flow rate was 
measured using a rotameter. The feed solution temperature was kept constant and mea-
sured by a digital thermometer mounted inside the feed reservoir. The permeate was col-
lected and weighted continuously on a digital balance (EW 1500-2M, Kern, Germany) 
and the data were transmitted to a personal computer (PC). 
 
 
 
Fig. 1. Experimental apparatus 
 
  The experiments were carried out using Membralox™ monotubular ceramic mem-
brane, 250 mm long, with 7 mm ID and 10 mm OD (Pall Exekia, France). The total filtra-
tion area of the membrane was 46.2 cm
2. The membrane, with mean pore size of 50 nm 
made of ZrO2 layer on an α-alumina support, was investigated. APTEFF, 40, 1-220 (2009)   UDC:  637.02:542.816:66.011+66.013.8 
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  A reconstituted whey solution from a whey powder (donated by Novosadska mlekara, 
Serbia) of the following composition: 11.8% (w/w) protein, 75.0% (w/w) lactose, 3.3% 
(w/w) fat, 9.5% (w/w) ash and 2.3% (w/w) water, was employed for all fouling expe-
riments. The feed solution was prepared by dissolving the whey powder in deionised wa-
ter to obtain a concentration of 10 g/L. The pH value of the prepared feed solution was 
6.0 for all experiments. 
  Deionized water was used for rinsing steps which were performed before and after 
each fouling experiment occurred. Two alkaline cleaning agents were used during mem-
brane cleaning: sodium hydroxide and a mixture of commercially available detergents 
P3-Ultrasil 67 and P3-Ultrasil 69 (Henkel, Germany). Studied concentrations of alkali 
solution were 0.2%w/w, 0.4%w/w and 1.0%w/w, while detergent solutions were pre-
pared using the following concentrations: 0.8%w/w P3-Ultrasil 69+0.5%w/w P3-Ultrasil 
67 and 1.2% P3-Ultrasil 69+0.75 P3-Ultrasil 67. According to the manufacturer, P3-Ul-
trasil 67 is a neutral detergent which consists of alkylaminoxide (15-30%) and proteolytic 
enzyme (<5%) while P3-Ultrasil 69 is a mild alkaline detergent which consists of phos-
phonates (5-15%) and salts of organic acids (5-15%). Cleaning solutions viscosity are 
supposed to be equal to the viscosity of water (5.47·10
-4Pa·s, at 50°C). 
 
Operating conditions 
 
  Each experiment consisted of the following steps: pure water flux measurement, 
fouling, rinsing, chemical cleaning, rinsing, and pure water flux measurement. Since the 
enzymes in detergents show the highest activity at 50°C, all cleaning steps were per-
formed at this temperature. The cross flow velocity during fouling was low to intensify 
formation of the fouling layer. However, the cross flow velocity during rinsing and clea-
ning steps was higher to enhance removal of the fouling layer from the membrane 
surface. The operating conditions are briefly outlined in Table 1. 
  
Table 1. Operating conditions for the experimental procedure 
 
Step  v (m/s)  TMP (kPa)  t (min)  T (°C)  Feed stream 
Pure water flux measurement  1.73  30  30  25  Water 
Fouling 0.43  30  60  25  Whey  (10g/L) 
Rinsing 1.73  30  30  25  Water 
Cleaning  /  /  /  50  NaOH/ Ultrasil P3 
Rinsing 1.73  30  30  25  Water 
Pure water flux measurement  1.73  30  30  25  Water 
 
Kinetic model 
 
  The total resistance (Rtf), due to the deposition of fouling material at surface and 
inside pores of the membrane, was chosen as a value that represents fouling intensity in 
the most suitable way. Kinetic model which estimates time change of total resistance 
(Rtf), which should be reduced during chemical cleaning, was introduced. Furthermore, APTEFF, 40, 1-220 (2009)   UDC:  637.02:542.816:66.011+66.013.8 
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the model predicts the change of the effective pore diameter and deposit thickness during 
cleaning. 
  The total resistance (Eq. [1]) can be presented as the sum of the individual resistan-
ces: the resistance of membrane (Rm), the resistance due to concentration polarization 
(Rcp), the hydraulic resistance of deposits at the membrane surface (Rc) and the resistance 
due to in-pore fouling (Rin). 
in c cp m f m tf R R R R R R R + + + = + =                                [1] 
The model involves Darcy’s equation: 
tf cs
cs R
TMP
J
μ
=
                                                        [2] 
also used to calculate the initial membrane resistance: 
w w
m
m w
w J
TMP
R
R
TMP
J
μ μ
= ⇒ =
                                        [3] 
  The resistance due to concentration polarization was omitted since the membrane was 
rinsed with deionized water. The cake resistance (Rc) was calculated assuming a first-
order change of time derivate of the cake deposit (7): 
() 2 1 c c 1
c p t p exp R R p
dt
dR
+ − = ⇒ − =                                [4] 
  The resistance due to in-pore fouling can be determined as a function of second order 
(alkali cleaning Eq. [5a]) and as a function of third order (detergent cleaning Eq. [5b]): 
  alkali cleaning                       a 5 a 4
2
a 3 in p t p t p R + + =  [5a] 
  detergent cleaning                 d 6 d 5
2
d 4
3
d 3 in p t p t p t p R + + + =  [5b] 
  After replacing all specific resistances into Eq. [1], the kinetic model attains the form: 
  alkali cleaning                 a 5 a 4
2
a 3 2 1 m tf p t p t p ) p t p exp( R R + + + + − + =  [6a] 
  detergent cleaning      d 6 d 5
2
d 4
3
d 3 2 1 m tf p t p t p t p ) p t p exp( R R + + + + + − + =  [6b] 
  Modified Karmen-Kozeny equation shows the connection between effective pore 
diameter (de) and the in-pore resistance: 
( ) 2
2 3
2 1 36 − ⋅ =
ε
ε −
= e
e
k
in d k
d
l h
R                                        [7] 
  Combining Eq. [7] with Eqs. [5a] and [5b], parameters ka (in the case of alkali 
cleaning) and kd (in the case of detergent cleaning) can be calculated using conditions at 
the end of the cleaning process: 
  alkali cleaning                 ( )( ) a 5 end a 4
2
end a 3 end
2
e a p t p t p t d k + + =  [8a] 
  detergent cleaning           ( )( ) d 6 end d 5
2
end d 4
3
end d 3 end
2
e d p t p t p t p t d k + + + =  [8b] 
  Detailed description of the applied calculation procedure can be found in other papers 
(10, 11).  
  Mathematical models for effective pore diameter result from equations [5a] and [5b] 
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  alkali cleaning                
5 . 0
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  detergent cleaning          
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  Deposit thickness during cleaning (δ(t)) can be estimated as follows: 
() () () ( )
2
2
t d d
t t d t d e o
o e
−
= δ ⇒ δ − =                              [10] 
 
RESULTS AND DISCUSSION 
 
Fouling of membrane 
 
  Since the fouling steps were carried out under the same operating conditions, the 
same extent of fouling was achieved in each experiment, as shown in Fig. 2. As expected, 
significant permeate flux decline occurred during filtration of reconstituted whey solution 
until the pseudo-steady state, approximately 8.1% of the initial value, was reached. It can 
be observed that the flux decline is sharp within the first few minutes due to the for-
mation of the concentration polarization layer. Further flux decline, yet at a smaller rate, 
can be associated with the gradual adsorption of protein deposits on and inside the 
membrane surface. 
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Fig. 2. Permeate flux during fouling  
 
Cleaning of membrane 
 
  The permeate fluxes achieved during the steps that followed the fouling experiments 
(rinsing, chemical cleaning and final rinsing) are given in Fig. 3. Rinsing with deionized 
water (a-series in Fig. 3) was implemented so that loosely bound deposits are removed APTEFF, 40, 1-220 (2009)   UDC:  637.02:542.816:66.011+66.013.8 
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from the membrane surface. Since the achieved rinsing efficiency was close to 20%, 
which is less than required, chemical cleaning was needed.  
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Fig. 3. Flux recovery during alkali (a) and detergent cleaning (b) 
 
  Detailed information about rinsing efficiency can be found elsewhere (12). 
  Permeate flux curves for the NaOH solutions and for detergent solutions, during 
cleaning, are given in Fig. 3 as b-series. It can be noticed that the permeate flux increased 
within the first few minutes and more or less remained constant during the rest of 
cleaning time. Considerably higher flux recovery was achieved during cleaning with 
NaOH solutions compared to detergent solutions, especially with 1% w/w solution of 
NaOH. Flux curves during final rinsing, that followed cleaning steps, are given in Fig. 3 
as c-series. Considerable increase in permeate flux, compared to the flux obtained during 
cleaning, can be observed. These results indicate significant influence of the final rinsing 
on flux recovery. The highest flux recovery was achieved by cleaning with 0.4%w/w 
alkali solution, which can save large amounts of chemicals compared to 1.0%w/w NaOH, 
recommended by the membrane manufacturer. 
 
Mathematical modelling - total and specific resistances 
 
  The total resistance, Rtf, during chemical cleaning was determined according to Eq. 
[2]. The results (ten representative points in Fig. 4) show considerable decrease of the 
total resistance at the beginning of cleaning. Further, as alkali cleaning progressed (Fig. 
4a), the decrease weakened till the end of cleaning, while in the case of detergent 
cleaning (Fig. 4b), even a slight increase was noticed. 
  Mathematical modelling, through applying Levenberg-Marquardt method (ORIGIN 
6.1) on Eq. [6a] and [6b], was carried out using the Rtf data in order to estimate parameter 
values for both alkali and detergent cleaning. The parameter values were than used to 
calculate total and specific resistances (the cake resistance, Rc, from Eq. [4] and the in-
pore resistance, Rin, from Eq. [5a] and [5b]). The resistance of the membrane, Rm, was 
determined applying Eq. [3] to the pure water flux measurements.  APTEFF, 40, 1-220 (2009)   UDC:  637.02:542.816:66.011+66.013.8 
DOI: 10.2298/APT0940135L  BIBLID: 1450-7188 (2009) 40, 135-144 
Original scientific paper 
  141 
0 5 10 15 20 25 30 35
0.00E+000
5.00E+011
1.00E+012
1.50E+012
2.00E+012
2.50E+012
3.00E+012
3.50E+012
4.00E+012
Rc
Rm
Rin
Rtf
Cleaning agent: 0.4% NaOH 
Rtf=4.94E11+exp(-P1*t+P2)+P3a*t^2+P4a*t+P5a
Goodness of fit: R^2 = 0.98675
T
o
t
a
l
 
a
n
d
 
p
a
r
t
i
c
u
l
a
r
 
r
e
s
i
s
t
a
n
c
e
s
,
 
m
-
1
Cleaning time, min
A
0 5 10 15 20 25 30 35
0.00E+000
1.00E+012
2.00E+012
3.00E+012
4.00E+012
5.00E+012
6.00E+012
Rc
Rm
Rin
Rtf
Cleaning agent: 0.8+0.5% w/w Ultrasil(69+67)
Rtf=Rm+exp(-P1*t+P2)+P3d*t^3+P4d*t^2+P5d*t+P6d  
Goodness of fit: R^2 = 0.99754
T
o
t
a
l
 
a
n
d
 
p
a
r
t
i
c
u
l
a
r
 
r
e
s
i
s
t
a
n
c
e
s
 
(
m
-
1
)
Cleaning time, min
B
 
                  (a)                    (b) 
 
Fig. 4. Total and specific resistances during alkali (a) and detergent cleaning (b) 
 
  Since the resulting curves for total and specific resistances show similar trends during 
cleaning, only two representative cases are presented: cleaning with 0.4% w/w caustic 
solution and 0.8% w/w P3-ultrasil 69+0.5% w/w P3-ultrasil 67 (Fig. 4). By analyzing 
specific resistances an exponential decrease of the cake resistance within a few minutes 
was observed. The in-pore resistance decreased slowly during the alkali cleaning. 
However, re-fouling was noticed during second half of detergent cleaning. Statistical 
parameters obtained for all cases of cleaning solutions are presented in Table 2.  
 
Table 2. Model parameters for alkali and detergent cleaning 
 
NaOH 
concentration  p1  P2 p 3a p 4a p 5a  
0.2%w/w  1.65±0 27.72±0.07  (4.58±2.59)·10
8  (3.49±8.10)·10
9  (1.12±4.60)·10
10   
0.4%w/w  2.85±0.58 30±0.38 (17.10±4.16)·10
8 (-7.54±1.35)·10
10 (1.68±7.86)·10
10  
1%w/w  1±0.12 27.9±0.03  (6.49±1.5)·10
8 (-3.18±5.26)·10
10 (111.98±3.83)·10
10  
Ultrasil 
(69+67) 
concentration 
p1  p2 p 3d p 4d p 5d p 6d 
0.8+0.5%w/w  (15.07±0)
  (29.15±0) (13.44±1.08)·10
7 (-81.47±5.21)·10
8 (145.6±6.99)·10
9 (38.44±2.21)·10
11 
1.2+0.75%w/w  (4.63±0)·10
10  26.26±0.36 (6.68±3.88)·10
7  (-3.86±1.88)·10
9 (5.70±2.51)·10
10 (406.74±7.96)·10
10 
 
Mathematical modelling - effective pore diameter and thickness of the layer 
 
  Protein adsorption within membrane pores leads to pore narrowing, which manifests 
as the in-pore resistance according to the Carmen-Kozeny Eq. [7]. Model parameters APTEFF, 40, 1-220 (2009)   UDC:  637.02:542.816:66.011+66.013.8 
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were obtained by fitting experimental data (Eq. [8a] and [8b]) and the results (changes in 
effective pore diameter and deposit thickness) are shown in Fig. 5a and Fig. 5b, res-
pectively. It can be noticed that the greatest effective pore diameter was achieved during 
30 min cleaning period with 1%w/w alkali solution. However, a maximum pore diameter 
after 20 min cleaning period was achieved with 0.4%w/w alkali solution, so it can be 
concluded that higher concentration of alkali solution is unnecessary. By analysing 
deposit thickness it can be concluded that some amount of proteins remains in the pores 
throughout the entire cleaning process. Deposits are present inside pores regardless of the 
applied cleaning solution and its concentration. It is worth mentioning that the lowest 
deposit thickness is achieved for cleaning with 1%w/w alkali solution but after 20 min of 
cleaning the deposit thickness is the same as for 0.4%w/w alkali solution. This confirms 
previous statement that it is unnecessary to use higher concentrations of alkalis.  
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Fig. 5. Effective pore diameter and deposit thickness during A) alkali and B) detergent 
cleaning 
 
CONCLUSION 
 
  Defining mathematical model for both alkali and detergent cleaning gives possibility 
to predict changes in total and specific resistances with time as well as the changes of the 
effective pore diameter and deposit thickness. A five parameter model for alkali cleaning 
and a six parameter model for the detergent cleaning were suggested. The models con-
firm the decrease of total resistance within a first few minutes and almost complete elimi-
nation of the cake resistance. The in-pore resistance decreased during alkali cleaning 
whereas during detergent cleaning even an increase was observed. It can be noticed that 
even though deposits are present within pores after cleaning, further rinsing with deioni-
zed water contributes to the enhancement of cleaning. Alkali solution of 0.4%w/w NaOH 
was proved to have the highest cleaning strength which guaranties almost full flux re-
covery. 
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МАТЕМАТИЧКО МОДЕЛОВАЊЕ РЕГЕНЕРАЦИЈЕ ФЛУКСА ТОКОМ 
ХЕМИЈСКОГ ЧИШЋЕЊА ТУБУЛАРНЕ МЕМБРАНЕ ЗАПРЉАНЕ 
ПРОТЕИНИМА СУРУТКЕ 
 
Наташа Љ. Лукић, Светлана С. Поповић и Јелена Ђ. Марковић 
 
  У индустрији млека мембране се чисте веома често због интензивног прљања 
мембрана протеинима. У овом раду описан је поступак хемијског чишћења цевне 
керамичке мембране запрљане протеинима сурутке. Такође су предложени модели 
који описују чишћење мембрана алкалним растворима и растворима детерџента. 
Резултати су показали да се најбоља регенерација флукса постиже 0.4% раствором 
NaOH-а. Након анализе експерименталних података, модели са укупно пет и шест 
параметара су предложени за алкално чишћење и чишћење детерџентом, респек-
тивно. Дефинисање модела омогућује процену  промене  укупног и  појединачних 
отпора као  и  промене ефективног пречника  пора и  дебљине слоја адсорбованог 
унутар пора мембране током времена. 
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